The completion of the Human Genome Project and the development of genome-based technologies over the past decade have set the stage for a new era of personalized medicine. By all rights, molecularly trained investigative pathologists should be leading this revolution. Singularly well suited for this work, molecular pathologists have the rare ability to wed genomic tools with unique diagnostic skills and tissue-based pathology techniques for integrated diagnosis of human disease. However, the number of pathologists with expertise in genome-based research has remained relatively low due to outdated training methods and a reluctance among some traditional pathologists to embrace new technologies. Moreover, because budding pathologists may not appreciate the vast selection of jobs available to them, they often end up choosing jobs that focus almost entirely on routine diagnosis rather than new frontiers in molecular pathology. This review calls for changes aimed at rectifying these troubling trends to ensure that pathology continues to guide patient care in a post-genomic era.
When researchers sequenced the first full genetic code of a human being a decade ago, many predicted this remarkable feat would forever transform medicine. 1 At last, we had within our grasp the biological recipe for human health-the standard that would allow us to uncover the genetic roots of disease. This, in turn, offered a new vision of what medicine could be: rather than grouping patients into broad disease categories and treating them accordingly, physicians of the future would ascertain the exact molecular basis of each patient's disease and apply a specifically targeted intervention. At the heart of this radically different model for patient care would be the application of high-throughput genomic technologies in individual patients. Until now, the steep costs of such innovative tools has prohibited their routine use in the clinic.
Not so any longer. Recent years have seen a precipitous decline in those costs, ushering in a new era of genome-based personalized medicine. Whereas the mammoth Human Genome Project came with a whopping $3 billion price tag, the cost of sequencing a human genome today has plummeted to less than $5000 (ref. 2) and is expected to drop even further in the next few years. Cheaper sequencing technologies have yielded impressive results in the laboratory, enabling researchers to identify the underlying genetic causes of rare autosomal disorders using whole-exome or whole-genome sequencing methods. [3] [4] [5] Meanwhile, biotechnology companies have developed genebased diagnostic and prognostic tools that are already having a major impact in the clinic. For example, in 2004, the California-based life science company Genomic Health began offering patients a $4000 assay called Oncotype Dx, which measures the expression of 21 genes to predict breast cancer recurrence 6 and responsiveness to certain chemotherapies. 7 The test influences treatment decisions for a significant number of women with early estrogen-receptor-positive breast cancer. 8 One would expect investigative pathologists to pioneer the development and application of such tools. Standing astride two historically divided realms, the best and brightest of these next-generation physician-scientists offer an unusually broad perspective and a unique set of skills perfectly suited for bridging the gap between basic science and medicine (Table 1) . Transcending the traditional training of their predecessors, today's top investigative pathologists have acquired the rare ability to wed genomic tools with unique diagnostic skills and tissue-based pathology techniques for integrated diagnosis of human disease-a prerequisite for developing and exploiting individualized therapies for specific patients. They can also evaluate genetic and molecular information with a much greater appreciation for cellular context than most other scientists, taking into account the rich interplay between genes, cells and the microenvironment. Several recent studies led by modern molecular pathologists are a testament to their participation and leadership in genome-based research of human diseases. [9] [10] [11] [12] [13] [14] Nevertheless, for the most part, pathologists have found themselves playing catch-up instead of leading the charge in this nascent field. Myriad factors contribute to this troubling trend. Traditional pathologists have avoided embracing innovation, holding to an outdated model of what pathology should be. Because these investigators are the ones who design pathology-training programs, their discomfort with new genomic and molecular technologies has trickled down to budding pathologists, leaving the next generation with critical gaps in their knowledge. Furthermore, up-and-coming pathologists tend to overlook the vast selection of research opportunities available to them, instead of choosing pathology careers that focus primarily on routine diagnosis rather than new frontiers in molecular pathology. Ultimately, this means a relatively small cadre of pathologists has the will and the necessary skills to fully integrate new molecular and genomic technologies into pathology research.
Compounding these internal struggles is an erroneous perception in the broader scientific community that genomebased tools are making traditional pathology skills less relevant. Building on the increasingly common assumption that the molecular and genetic makeup of a tumor will be its most important diagnostic and prognostic feature, large scientific consortia have forged ahead with ambitious genome sequencing projects that practically ignore the histopathological and immunohistochemical distinctions within so-called 'common cancer types.' They do so at their peril. More often than not, a single tumor type is not a monolithic entity but a grouping of disparate diseases with varying clinical characteristics and therapeutic responses. 15, 16 Lumping them together as one disease will undoubtedly undermine the results of such endeavors.
Ideally, genome-based research on diseased tissues should rely on both histopathological and molecular classification systems, but the average scientist lacks expertise in histopathology and many pathologists are underskilled in genomic and molecular techniques. The situation calls for a new kind of scientist with extensive training in both disciplinesa molecular pathologist.
WHY PATHOLOGISTS?
One of the greatest challenges in genomic research and the development of molecular diagnostic tools is the accrual of appropriate tissue samples. For example, many genomebased technologies work best with frozen tissue samples, and definitive validation of a particular disease marker or prognostic indicator depends on its detection in patients participating in prospective clinical trials. Because pathologists are the gateway to high-quality, well-characterized tissue specimens, they are in a unique position to help push these studies forward.
Furthermore, pathologists provide critical input in establishing the contextual foundation for all tissue-based studies because no other type of scientist has the necessary skills to identify tissues that accurately represents the patient's disease. The importance of that capability becomes clear when one considers the diagnostic limitations of molecular data. For example, 50-70% of melanomas 17 and about 80% of melanocytic nevi 18 harbor mutations in the proto-oncogene BRAF; however, melanomas are malignant, whereas nevi are benign skin lesions that rarely progress to more sinister forms. Thus, a molecular biologist who detects an oncogenic BRAF mutation in a patient's skin sample can only understand the biological meaning and clinical relevance of that result when a pathologist contextualizes it by identifying disease-relevant characteristics of cells in the same sample. Without that context, researchers attempting to understand and treat diseases through the molecular analysis of patient tissues would be shooting in the dark, frequently missing the target.
Moreover, investigative pathologists have the unique skills to help other scientists and clinicians make sense of complex 20 Investigative pathologists have the singular expertise to dissect such complex tissue samples using a full range of microscopybased and molecular approaches, yielding significantly greater diagnostic power than any one strategy alone.
A natural consequence of their key role in disease diagnosis is the web of cross-disciplinary connections investigative pathologists create between experts who might never otherwise interact. A surgeon relies on them for the diagnosis of the disease; a laboratory investigator needs them to access correctly identified diseased tissue for genetic and molecular studies. Acting as a bridge between the two, investigative pathologists are in an ideal position to facilitate collaborative projects and, in many cases, form the glue that holds teambased transformational research together. In fact, we would dare to say that pathologists are uniquely placed to bring scientists and clinicians together in both clinical and research settings, serving as consultants to both groups while focusing the efforts of all parties on vexing biologic problems of clinical importance.
With this in mind, both academia and industry, eager to make the dream of personalized medicine a reality, have awakened to the growing importance of genetically and molecularly trained pathologists. Centers and departments devoted exclusively to molecular or translational pathology are springing up at research institutions and within biotechnology and pharmaceutical companies across the country. Pathologist-scientists can find particularly satisfying positions at these centers, where part of the central mission is to intergrate diagnostic skills with scientific insights. By embracing both areas of expertise rather than choosing between the two, translational pathologists face an unprecedented array of opportunities to participate in what promises to be one of the most critical scientific endeavors of our time.
BUILDING THE NEXT GENERATION OF MOLECULAR PATHOLOGISTS
Such advances certainly represent a step in the right direction, but they are still the exception rather than the rule for most pathology training programs. If the field as a whole is to remain relevant in a post-genomic era, we must focus on developing many more molecularly trained pathologists, and those efforts must come from the top down. Established pathologists must move beyond their comfort zones to try new technologies and expand their knowledge base. Training programs for up-and-coming pathologists must become more flexible, encouraging greater exploration of scientific disciplines outside the boundaries of traditional pathology. Course offerings and requirements must begin to include training in genome-based and molecular tools, not just for a few superstars but for all who would embark on a career in pathology.
Expanding training requirements to incorporate these new and developing areas will be a major challenge, particularly if morphologic and interpretive skills are to be retained in parallel. Possible solutions range from extending training time through the development of new tracks (eg anatomic pathology/translational molecular pathology). Another approach might involve the creation of new molecular pathology fellowship training programs that focus less on classical clinical genetics and more on modern genomic analysis. Changes of this type will require open-mindedness, broad input and the development of consensus among our professional groups.
The field of bioinformatics is just one of several areas in which investigative pathologists will have to master new skills. Now that whole genome sequencing has become more affordable and relatively quick, managing and interpreting the deluge of sequencing data coming out of those efforts is becoming a major challenge. 21 The cost of outsourcing data analysis and validation is about $10-20 000 per genome, and even then, investigators heading up genome-based research projects must have at least some familiarity with bioinformatics in order to make sense of the results. However, most pathology training programs fail to offer even the most basic bioinformatics training to their students. Clearly, this must change.
Also, we must do a better job of inspiring the next generation to choose careers in molecular pathology by presenting them with their full range of options without oversimplifying the pros and cons of particular career paths. For instance, many young investigators think of academic and industry careers as polar opposites. According to received wisdom, researchers in the industry earn more money, work at a more rapid pace, have greater potential for developing products with direct clinical relevance and enjoy greater access to resources than their academic counterparts. Meanwhile, academic investigators may spend more time looking for research funding, but they also tend to have more autonomy, exert greater control over the scientific questions they pursue, enjoy better job security, have a stronger sense of ownership over their own work and receive much more public recognition for their findings than industry scientists. Although these generalizations are obviously valid when one paints academia and industry with broad strokes, a closer look at the diversity within each realm suggests it may be more useful to imagine a continuum of benefits and challenges linking academic and industry jobs, with significant overlap in between (Figure 1) .
By sorting academic careers according to their funding structures, for example, one uncovers a more nuanced picture than that originally imagined (Figure 2) . The pros and cons of an independently funded tenure-track position are significantly different from those of an investigative pathologist who relies on collaborators for funding: The former has much greater autonomy, ownership of ideas and public recognition for scientific accomplishments than the latter. somewhere in between are pathologists who are funded 'semi-independently' (most often, researchers running pathology cores). They usually have some authority and avoid having to write the major portion of grant proposals but lack the ability to control their research direction. Thus, in practical terms, investigative pathologists working under the 'dependent funding' or 'semi-independent funding' model may have much more in common with their industry counterparts than they would with an academic peer operating under the 'independent funding' model.
Blurring the line even further, pathology jobs at pharmaceutical and biotechnology companies have recently become much more comparable with those at academic institutions in terms of scientific merit. Whether an investigative pathologist is interested in pursuing basic, translational, clinical or collaborative research, he or she can find challenging and exciting projects to work on in either an academic or an industry setting. More and more companies are establishing specialized pathology groups that have increasingly important roles in drug development, animal model design, biomarker discovery and the creation of diagnostic and prognostic tools for correlative science. Furthermore, the stigma once associated with transferring from academia to industry has nearly vanished, and it is becoming increasingly common for scientists to shift back and forth between the two.
With a variety of career options available to them, nextgeneration pathologists have many incentives to participate in scientific research, including intellectual stimulation, interaction with other specialties, a broadening of professional perspective, facilitated access to new technologies, potential career redirection, exposure to new and different ideas and greater access to funds. Those who accept this challenge and acquire the right set of skills can rest assured that the need for their expertise is growing alongside technological advances in biomedical research. Genomic and molecular tools will undoubtedly improve the diagnosis and treatment of illness in years to come, but the ability to use sophisticated new technologies is not the same as recognizing, understanding and thereby better characterizing a given disease. This is perhaps best illustrated by the recent discovery that certain types of ovarian cancer are not ovarian at all; rather, they arise from displaced epithelial cells that originate in the fallopian tubes-an astonishing finding overlooked by the scientific community for decades before investigative pathologists finally uncovered the truth. 22, 23 Such cautionary tales serve to remind us that even the most advanced technology cannot help us unless we combine it with the accurate contextual information that only a well trained investigative pathologist can provide. Clearly, the world needs this rare breed of physician-scientists, now more than ever. 
